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A Mechanistic Study of the Influence of Proton Transfer Processes
on the Behavior of Thiol/Disulfide Redox Couples

Eiichi Shouji and Daniel A. Buttry *
Department of Chemistry, University of Wyoming, Laramie, Wyoming,
82071-3838, USA
Email: Buttry@Uwyo.edu; FAX: (307) 766-2807

Abstract

The mechanism of the oxidation of 2-mercapto-5-methyl-1,3,4-thiadiazole (McMT)
to its disulfide dimer (BMT) and its subsequent reduction has been examined with a
combined approach employing experimental data and digital simulation. In order to
elucidate the influence of proton transfers on these redox processes, special attention has
been paid to the influence of various bases, including triethylamine, pyridine, 3-chloro-
pyridine, lutidine and 2,6-di-fert-butyl-pyridine, and proton donors, including
methanesulfonic acid and trifluoromethanesulfonic acid, on both the oxidation and
reduction reactions. Based on detailed comparisons of the experimental data with
simulations of several mechanistic models, it is found that proton transfer pathways have a
pronounced influence on both the oxidative and reductive pathways. In particular, McMT
oxidation is facilitated by a rapid bimolecular proton transfer from McMT to weak bases
such as Py that produces McMT, the thiolate form, which is then oxidized. The overall
kinetic scheme by which these redox processes proceed both in the presence and absence
of proton transfer agents is discussed, especially with regard to the potential use of a
related dithiolate compound as a cathode material in Li secondary batteries.

*) To whom correspondence should be addressed

Introduction

The potential use of 2,5-dimercapto-1,3,4-thiadiazole (DMCcT, see Scheme 1) as
part of a composite cathode material for secondary lithium batteries ' has prompted a flurry
of both spectroscopic and electrochemical investigations of the redox processes of this
compound and several of its derivatives."” A particularly interesting aspect of the behavior
of DMcT is the apparent facilitation of its oxidative polymerization and reductive
depolymerization by poly(aniline) (PAn)."” In fact, the cathode materials that have been
shown to have very attractive energy densities ' and rapid charging characteristics ? have
been based on molecular level composites of DMcT and PAn, sometimes with other
additives present.’ This facilitation of the DMcT redox process comprises an important
finding, because, even though the thermodynamics of thiol/disulfide redox processes are
quite attractive from the perspective of lithium cathode materials, their kinetics are
typically very slow at room temperature.® Thus, gaining an understanding of the
mechanism by which PAn accelerates the DMcT redox transformations is likely to be very
worthwhile. While the mechanism of this facilitation has yet to be elucidated, previous
results have suggested that proton transfer processes can have a strong influence on both
the kinetics and thermodynamics of the thiol/disulfide redox couple.” In order to explore
this issue in more detail, we have begun a detailed series of studies of the redox chemistry
of thiadazole systems bearing thiol substituents in the presence of various acidic and basic




proton transfer agents.” Given that oxidation of the dithiol systems, such as DMcT, results
in polymerization and precipitation on the electrode surface, which leads to “phase-like”
behavior and consequent deviations of the redox responses from theoretical expectations,”
11 e have chosen to study the behavior of 2-mercapto-5-methyl-1,3,4-thiadiazole (McMT,
see Scheme 1) as a model system, which has been briefly examined previously.*>” As will
be seen below, this compound is oxidized to give a disulfide dimer in a well-behaved,
quasi-reversible redox process. Thus, it provides a suitable couple for detailed comparison
of experimental data with the results of digital simulations.

In constructing a kinetic scheme that satisfactorily describes the influence of proton
accepting bases on the redox behavior of McMT, it has been necessary to provide several
thermodynamic and kinetic parameters as inputs for the digital simulation. As far as
possible, these parameters have been obtained from a thorough survey of the literature. For
example, an important reaction in the simulation is the coupling reaction of two RSe
radicals to produce the RSSR disulfide species. This type of reaction has been studied
previously,’*”® and the rate constant has been found to be large. Thus, as will be seen
below, a value of 10° M! s was used in the simulation. Another reaction whose kinetics
have a strong influence on the simulation is the reduction and subsequent cleavage of the
SS bond in the disulfide dimer. In this case, spectral observations'>" of the RSSR”
intermediate, which decomposes to RS and RS’, verify that the reduction occurs via a
stepwise, rather than concerted, pathway,'* and that the rate constant for the heterolytic
dissociative cleavage of RSSR™ is > 10° M s, For this process, a value of 10’ M s
was used in the simulation. For cases in which acid-base chemistry is important, values of
pK.’s for the various species in non-aqueous solvent systems have been used wherever
possible.*? In particular, a well established correlation® between the pK,’s of radical
cations of thiol species, the pK, of the patent thiol, and the difference in oxidation peak
potential for the thiolate anion and the thiol has been used to estimate the pK, of the
radical cation of McMT. Finally, since proton transfer to and from heteroatoms and
heteroatomic cation radicals is typically quite fast,”? fairly large values for the rate
constants for such proton transfer reactions were used. We will return to a more thorough
discussion of the various kinetic and thermodynamic values used as inputs for the
simulation below.

An additional consideration about the use of simulations to model such processes
relates to the fact that the simulation requires that the redox processes be treated as a
series of elementary steps. Thus, for example, in the reduction of a species such as RSSR,
each of the two electron transfers that ultimately will produce two equivalents of RS must
be expressed and calculated separately within the simulation, along with any intermediate
chemical reactions that are thought to occur along the reaction pathway. In many cases,
the sequence of elementary steps used in the simulation can be combined in a
thermodynamic cycle?®®?* to construct the overall reaction. For example, for RSSR

reduction the overall reaction would be:

RSSR +2¢ -> 2 RS’ (1)



while the elementary steps would involve reduction of RSSR by one electron, its
subsequent dissociation to give RS and RS’, and the subsequent reduction of the radical to
give RS or its dimerization to give RSSR, which will itself be reduced, etc. Because these
elementary steps are thermodynarmcally interrelated, their equilibrium constants (for
chemical reactions) and E°s (for electrochemical reactions) cannot be varied
independently, providing some constraints on the number of independent variables in the
simulation.

Experimental Section

Materials. Acetonitrile (AN) was purchased from Aldrich Chemical Inc., purified by
distillation from P,Os, and stored over 3A molecular sieves. McMT was purchased from
Aldrich Chemical Inc. and was used after recrystallization from AN. 3-chloro-pyridine,
pyridine, lutidine, 2,6-di-tert-butyl-pyridine and triethylamine were also purchased from
Aldrich Chemical Inc. and were used after purification by distillation. Deuterated
acetonitrile (AN-d3) for NMR measurements was used as purchased from Aldrich
Chemical Inc.

Electrochemical Measurements. Cyclic voltammograms were obtained at 25 °C using a
BAS CV-27 and a Hewlett-Packard 7045B xy recorder. Measurements were taken in a
three electrode cell configuration using a glassy carbon disk electrode (Cypress Systems,
Inc., 3.0 mm diameter), a Pt coil (0.5 mm diameter, 50 cm length), and a Ag/AgCl
reference electrode, against which all potentials are reported. Unless otherwise noted, all
experiments were conducted in a 0.1 M LiClOs AN solutlon, which was extensively
deaerated using nitrogen gas, and at a scan rate of 50 mV st

Spectroscopic Methods. UV-vis spectra were recorded usmg Hewlett-Packard HP8452
diode array spectrometer in AN solution. IR spectra in AN solution were recorded using a
Bomem MB100 spectrometer (MCT detector, resolution of 1 cm’ 1) in AN solution with
the solution placed between two KBr crystals (25 mm diameter, 5 mm thickness). Raman
spectra were recorded using a Spectra-Physics Stabilite 2017 Ar ion laser (514.5 nm) and a
SPEX 270M single monochromator with a Spectrum One CCD detector. NMR spectra
were recorded using a JEOL NMR-270 MHz in AN-d3 solution. Considerable care was
taken to ensure the exclusion of both oxygen and water from the samples during these
experiments.

Digital Simulations. Simulations of cyclic voltammograms™ were done using Digisim
Ver. 2.1 (Bioanalytical Systems, Inc.) with a personal computer (Pentium 200MHz Pro,
Windows95). The followmg model parameters were used: exponential grid factor: 0. 5
potential step: 5 x 10° V, and n01se level: 0 A, temperature: 25°C, scan rate: 50 mV s™

and diffusion coefficient = 1 x 10 cm%/sec. Pre-equilibrium was enabled for chemical
reactions only.

Results and Discussion

Redox Behavior of the Disulfide Dimer. Scheme 1 shows the structures of McMT, its
thiolate form (McMT") and the disulfide dimer (BMT) formed by oxidation of either one of
these species. Simulation of the McMT/BMT system is complicated by the acid-base and
other chemistry that can follow the redox processes. For example, McMT oxidation
produces the radical cation species MCMT", which can deprotonate, producing the McMT
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radical which can then dimerize via radical-radical coupling. On the other hand, reduction
of BMT initially produces BMT~, which will dissociate to produce McMT" and McMT,
which itself can either be reduced to McMT or dimerize with another McMT" to generate
more dimer, followed by its reduction, etc. Thus, the overall mechanisms of these redox
transformations involve several reactions, some of which are thermodynamically related
(see above). In order to minimize the number of independent variables initially employed in
the simulations, we begin by examining the simplest redox process, reduction of BMT to
produce McMT" and its subsequent reoxidation back to BMT. As will be seen, this
transformation can be treated using a set of four equations, three of which are independent.
After using the simulation to fit this simple case, we will increase the level of complexity by
including the proton transfer reactions necessary to model the reactions involving acids and
bases.

Figure 1a shows a cyclic voltammogram (CV) of a 10 mM solution of BMT. The
upper curve, which gives the experimental result, shows a reduction peak at ca. ~0.4 V and
a corresponding oxidation peak at ca. 0.0 V. These correspond to the reduction of BMT
to give two equivalents of McMT, and the subsequent oxidation of McMT" back to BMT,
respectively. The lower curve gives the simulated result for this case. The elementary
reactions required to generate this CV are shown in Table 1, and comprise reactions 2e,
3e, 1c, and 3c. The redox potentials, equilibrium constants and rate constants used to
produce the simulated curve are as shown. Note that these four equations are connected
by the following relationship:

(KicKsc)' = exp[(nF/RT) (Esc - Ez.)] V)]

where n = one electron, F = 96485 C mol”, and the other quantities have their usual
meaning. Thus, only three of these equations are independent. Feldberg and coworkers
have discussed the methods by which such thermodynamically superfluous reactions
(TSR’s) are identified and properly constrained within the simulation.**

It is evident from the figure that the simulation reasonably reproduces the essential
features of the experimental data. The values provided in the table for reactions 2e, 3e, 1c
and 3¢ produce an acceptable fit to the experimental CV. Other possible combinations of
parameters can also provide acceptable fits to this simple case. However, as will be seen
below, while these other combinations cannot be simultaneously used to fit more complex
situations, the same kinetic and thermodynamic parameters shown in Table 1 for reactions
2e, 3¢, 1c and 3¢ can be used as part of the fit for the more complex cases involving proton
transfer, so long as the appropriate acid-base reactions are included.

Note that the simulation requires two, separate redox processes to reproduce the
CV. One is the McMT/McMT redox couple, and the other is the BMT/BMT™ redox
couple. It is sensible that different E°’s are used for each of these, since the redox
potentials for these two couples should be related to the HOMO of McMT" and the
LUMO of BMT. This general approach is consistent with many previous studies of the
relationship between E°'s and molecular orbital energies.” Of course, the peak positions in



the CV are also influenced by the rates of the chemical reactions that follow the initial
electron transfer event and by the heterogeneous electron transfer rate constants (k,
values), as given in Table 1.

Redox Behavior of McMT and McMT. Figure 1b shows the experimental (upper) and
simulated (lower) cyclic voltammograms for McMT oxidation. As can be seen, McMT is
oxidized with a peak potential at +0.95 V, producing an oxidized product that is
subsequently reduced at ca. 0.1 V. Previous work has shown that this oxidation produces
the disulfide dimer, BMT, (see Scheme 1) and that reduction of the dimer regenerates the
thiol.** We have recently obtained a crystal structure of the McMT disulfide dimer that
unambiguously verifies it as the product of the oxidation.”® Note that, under the conditions
in Figure la, protons are released to the AN solution as a consequence of the oxidation.
Comparison of the peak potentials for reduction of the BMT disulfide dimer in the
experimental curves in Figures 1a (-0.35 V) and 1b (0.1 V) reveals that the availability of
these protons strongly influences the potential of the reduction process.

Successful simulation of the McMT redox process requires that several additional
reactions be included in the model. These are given in Table 1 and comprise: le, which
describes the oxidation of McMT to McMT"; 4c, which describes deprotonation of
McMT" to produce a “free” proton and McMT' radical; Sc, which describes a rapid pre-
equilibrium that produces small amounts of protonated BMT; 4e, which describes the
reduction of this protonated dimer; 6¢, which describes the rapid heterolytic cleavage of
the reduced, protonated dimer to give McMT" radical and McMT; and 2¢, which describes
the protonation of McMT" to regenerate McMT. It should be particularly noted that
reactions 4e, S5c and 6¢ were essential to successfully simulating the experimental CV.
Various mechanisms using other reactions were investigated, but with no success.
Specifically, one such mechanism that was exhaustively investigated involved rapid
protonation of the reduced dimer (i.e. H + BMT™ -> HBMT) followed by rapid cleavage
of this species to give McMT and McMT". Under no circumstances was it possible to
simultaneously produce acceptable fits for the CV’s in Figures la and 1b using a
mechanism of this type.

This pre-equilibrium protonation prior to the reduction of the BMT dimer is
conceptually quite similar to the square schemes that are used to describe the reductlon of
systems such as benzoquinone in the absence and presence of proton donors.”” As is the
case here, the reduction is facilitated by a proton transfer to the electron acceptor prior to
the reduction step. Further, the change in redox potentlal that occurs on protonation is
similar in the present case and that of benzoquinone” 7 (E° for quinone reduction shifts ca.
0.5-0.9 V less negative on protonation, depending on conditions). Thus, the use of
reaction 4e is well precedented in the literature concerning the influence of proton donors
on reduction potentials.

To further examine the proton-facilitated reduction pathway represented by
reactions 4e, Sc and 6¢c we examined the influence of strong proton donors on the
reduction of BMT. Figure 2 shows the voltammetry that is observed for BMT in the



presence of trifluoromethanesulfonic acid (TFA). As TFA is successively added to the
solution, one observes an increase in the proton-facilitated reduction wave at ca. 0.1 V.
For molar ratios of TFA/BMT less than two, this increase is directly proportional to the
TFA concentration. In addition, after traversing this reduction wave, one also observes a
new oxidation process at 0.85 V that is characteristic of McMT oxidation (see Figure 1b).
This is as expected, since BMT reduction in the presence of protons will produce McMT.
Note that the initial scan in all of these cases was in the positive direction, showing that
McMT is produced only after BMT reduction in the presence of H'. Figure 3 shows the
simulation of these cases, in which addition of TFA is modeled by introducing “free” H'
into the solution prior to the voltammetry. It is significant that none of the kinetic or
thermodynamic parameters that were used for simulating the McMT case have been
changed. As can be seen, the agreement between the experimental data and the simulation
is quite good, suggesting the generality of the reaction pathway embodied in reactions 4e,
5c and 6¢ in Table 1.

As a further test of the mechanism used in the simulation of the McMT redox
system, the influence of addition of a strong base to a solution of McMT was examined.
Figure 1c shows the result of addition of one half molar equivalent of triethylamine, TEA,
to a solution of McMT prior to the voltammetric experiment. Based on the aqueous pK,
values for TEAZ and McMT* of 10.7 and 5.35, respectively, as well as the results of
previous experiments,” one expects that TEA should fully deprotonate 50% of the McMT,
in this case producing a solution that is 5 mM in McMT and 5 mM in McMT". The
experimental CV (upper curve) shows a redox response characteristic of a 5 mM solution
of McMT (i.e. the BMT/McMT  redox couple, as in Figure 1a) centered at ca. 0.1 V, as
well as the oxidation of the remaining 5 mM McMT, in accord with expectations. It is
interesting that no reduction peak at 0.1 V for the proton-facilitated reduction of the BMT
disulfide dimer is observed when the molar ratio of TEA/McMT is greater than or equal to
0.5. This is because the protons that are produced by McMT oxidation are rapidly
consumed by protonation of McMT that is arriving by diffusion from solution. Thus, the
proton facilitated pathway for reduction of the dimer at 0.1 V is not available.

The simulation of the TEA case is shown in Figure 1c (lower curve). Successful
simulation of this case required the inclusion of reaction 7c, which describes the
protonation reaction for the base. The K, value for this reaction in the Table was assigned
a value of 10", which is sufficient to cause McMT to protonate essentially all of the TEA
that is present, provided the TEA/McMT ratio is less than one. Note that the elimination
of the proton-facilitated reduction peak at 0.1 V when TEA/McMT > 0.5 is successfully
modeled by the simulation. The voltammetric responses for several other experimentally
examined molar ratios of TEA/McMT were also successfully modeled using the same set
of simulation parameters.

Before proceeding with a description of the influence of weak bases on the redox
behavior of McMT, it is worth briefly discussing the significance of the pK, values that are
used in the simulation. Since the experiments were done in AN solution, these values are
referenced with respect to the stability of the proton in AN." The pK,’s used in the



simulation for the conjugate acids of TEA and the pyridine bases (see below) have been
chosen based on previously reported values in AN, DMSO and other non-aqueous
solvents, %% and are assigned the following pK, values in AN: TEA (16), lutidine (10),
pyndme (8.7), 2,6-di-tert-butyl-p yrldme (8.7) and 3-chloro-pyridine (7.5). Based on a
previous experimental observation’ that, for this series of bases in AN solution, McMT is
deprotonated only by TEA, McMT has been assigned a pK. of 13 in the simulation,
midway between the TEA and lutidine values. In contrast, some of the species required
for the mechanism employed in the simulation are very strongly acidic. For example,
reactions 4c and 5c refer to protonation reactions in which very weak bases (McMT" and
BMT, respectively) are partially protonated by “free” protons in AN. However, these free
protons are actually solvated by acetonitrile. Thus, pK. values of 1 and —0.3 for McMT"

and HBMT", for reactions 4¢ and 5c, respectively, imply that the conjugate bases of these
species have basicities comparable to that of AN, which is ca. ~10 on an aqueous scale *®
In comparison, a pK, value for MCMT of 13 implies that it is ca. 12 orders of magnitude
less acidic than its cation radical, McMT". Bordwell et al.>*® have discussed the relative
acidities of thiols (pKua)and their cation radicals (pKua+), and have proposed a correlation
that can be used to critically examine the values that have been used in the present
simulations. Briefly, they proposed the following relationship:

pKias = pKna + 16.8[Ecx(A) - Ex(HA)] 3)

where E(A") and E(HA) are the oxidation peak potentials for the thiolate and thiol,
respectively, which in the present case are McMT™ and McMT. They used this correlation
to estimate the pK, values for the cation radicals of 15 thiol compounds. The results were
found to be quite satisfactory, with an uncertainty of ca. + 2 pK, units.”’ Based on the
experimentally observed peak potentials for McMT™ and McMT and the pK, of McMT that
was used in the simulation (13, see above), this relationship predicts that the pK, of
McMT" should be 1.3 (+ 2). This reasoning was used to assign a value of 1.0 to this
species in the simulation. This discussion shows that the quantitative treatment of the acid-
base chemistry of the various species in the simulation is both internally consistent and
consistent with the existing literature.

Redox Behavior of McMT in the Presence of Weak Bases. Figure 4 shows the
behavior that results when increasing amounts of pyridine are added to an AN solution
containing McMT. One observes the appearance of a new oxidation peak at ca. +0.55 V
and a corresponding reduction at ca. -0.3 V. These two new peaks shift slightly in the
positive direction and increase in intensity linearly with the concentration of pyridine up to
the point at which it becomes equimolar with McMT, after which the voltammetry does
not change significantly. Corresponding decreases in the peaks due to the McMT/McMT™
redox couple are also observed. Note that the peak at 0.1 V for the proton-facilitated
reduction of the dimer is not observed above a molar ratio of Py/McMT of 0.5, as was the
case for TEA. In this case, this is caused by consumption of the free (AN-solvated)
protons by protonation of Py that is supplied by diffusion from bulk solution.



Before discussing the preferred interpretation of these results, it should be pointed
out that they are nof consistent with stoichiometric deprotonation of McMT by pyridine
(Py) to produce bulk McMT prior to the redox process. This is made clear by comparison
of Figure 4 with Figures 1a and 1c, which show the redox behavior of the McMT/BMT
redox couple. The new response observed in the presence of Py is definitely not the same
as that observed for the McMT/BMT redox couple. Further, previous uv-vis spectral
studies have demonstrated that Py is not a sufficiently strong base to deprotonate McMT.’
To corroborate these findings, NMR studies’' of the McMT/Py system were conducted.
Figure 5 shows the NMR spectra that are observed for solutions of McMT (curve a), Py
(curve c), McMT/Py (curve b), and Py/MSA (curve d, in which the pyridinium cation is
produced). Comparison of curves b and d clearly demonstrates that the pyridinium cation
is not produced in solutions of McMT/Py, even when Py is present in molar excess. We
have also used FTIR* and Raman®® spectroscopies to examine this system. In all cases,
solutions of McMT and Py were found to contain only the parent compounds; pyridinium
could not be detected in any case. Similar experiments were also done to test for
stoichiometric proton transfer between McMT and the other pyridine derivatives used in
this study, and no evidence for stoichiometric deprotonation of McMT by any of them was
observed. Thus, the voltammetric responses shown in Figure 4 are most definitely not due
to bulk, stoichiometric production of McMT".

Figure 6 shows the simulated CV for the same set of conditions as in Figure 4.
Quite good agreement between the experimental data and the simulation is observed.
Exhaustive tests of the simulation using a wide range of values for the various reactions
showed that successful simulation of these cases required the inclusion of two additional
reactions beyond those that have already been discussed. Specifically, reactions 8¢ and 9¢
must be included in order to achieve an acceptable agreement between the experimental
data and the simulation. These reactions are TSR’s because the acidity and basicity of the
proton donors and acceptors in these reactions are defined in reactions 2c, 4c and 7c.
Thus, the equilibrium constants for these reactions are not adjustable in the simulation. On
the other hand, the rate behavior can be adjusted. Based on previous descriptions of rapid
proton transfer in related systems,”"” relatively rapid proton exchange is assumed for these
equilibria as reflected in the rate constants used in Table 1.

Detailed examination of the concentration profiles for the various species in the
simulation reveals that the primary manner in which reactions 8c and 9c affect the
simulation is by providing a rapid pathway through which McMT" can be produced. Thus,
reaction 8c provides a rapid pathway for McMT" production, so that it can be oxidized at
potentials less positive than those required for direct oxidation of McMT. Reactions 8¢
plus the reverse of 2e essentially represent a C,E; process (i.e. reversible chemical reaction
followed by an irreversible electrochemical reaction) in the electrochemical notation.> In
addition, reaction 9c¢ drives the formation of McMT, which then couples rapidly to form
BMT. Both processes contribute to the new peak at ca. 0.55 V, which is nearer the
MCcMT oxidation potential. In this case, the shape of the response is characteristic of a
C.E; case in which the preceding chemical reaction is rapid enough to maintain equilibrium
at the scan rate employed®* It is worth noting that the thermodynamically identical



pathway comprising the reverse of reaction 2c (i.e. McMT dissociation to McMT™ + H')
and reaction 7c (i.e. Py protonation) does not produce simulated results that fit the
experimental data. This is because the “unassisted” dissociation of McMT is very
unfavorable in AN solution. Thus, even though this overall process can produce sparing
amounts of McMT" in a thermodynamic sense, it cannot produce them rapidly enough to
lead to the new oxidation at 0.55 V, given reasonable values for the rate constants for
reactions 2c¢ and 7c. This suggests that the rapid production of McMT" that is responsible
for the new peak at 0.55 V in Figure 4 is due to a true bimolecular process involving
McMT and Py, perhaps involving a hydrogen bonded complex along the reaction pathway.

Several other pyridine derivatives exhibit similar abilities to facilitate the oxidation
of McMT. This can be seen in Figure 7, curves a and b, which show the behavior in
solutions of 3-chloro-pyridine and lutidine, respectively. It is significant that the position
of the facilitated oxidation peak depends on the pK, of the conjugate base of the pyridine
derivative. This is physically reasonable, since less basic derivatives will not allow as rapid
a production of McMT". Figure 8 shows simulations for the lutidine (curve a), pyridine
(curve b) and 3-chloro-pyridine (curve c) cases. As can be seen by comparison to the data
in Figures 4 and 5, the simulation produces very good agreement with the experimental
data for these cases. Note that the forward rate constants for reactions 8c and 9c are not
adjusted for these simulations. Rather, the entire effect of changing the basicity of the
pyridine derivative is embodied in changes in the equilibrium constant for reactions 8c and
9¢ for the different derivatives. Note also that, as discussed above, these reactions are
TSR’s. Their equilibrium constants are not independently adjustable, but rather are fixed
by those for reactions 2c, 4c and 7c. Thus, the mechanism used in the simulation is able to
quantitatively fit the experimental results for a wide variety of bases using only changes in
their pK, values.

To further explore the possible involvement of bimolecular proton transfer in the
facilitated oxidation of McMT by pyridine bases, the behavior of the sterically hindered
base, 2,6-di-fert-butyl-pyridine, was examined. This base was chosen because the pK, of
its conjugate base is quite close to that of Py.***> However, it has been reported previously
that this base experiences severe steric hindrance in proton transfer reactions.”’ Thus, it
was expected that proton transfer from McMT to 2,6-di-fert-butyl-pyridine would be
inhibited. In fact, as can be seen in Figure 7, curve c, this base has absolutely no effect on
the oxidation of McMT. This important result makes clear the fact that these bases are not
simply acting as buffer systems that provide thermodynamic sinks for the protons
generated during McMT oxidation. Rather, in order to facilitate the McMT oxidation they
must be capable of a bimolecular proton transfer reaction with McMT, presumably through
formation of a hydrogen bonded complex.

Conclusion

This study has described the influence of strong and weak bases on the oxidation of
thiols. In particular, the comparison of experimental data with simulations shows that a
unique reaction pathway involving a proton transfer between the thiol and the weak base is
important in the base facilitated oxidation of the thiols. It was postulated long ago that



hydrogen bonding between amines and thiols might facilitate thiol oxidations***

However, as of yet there has been no detailed mechanistic study of this process. In
particular, the notion of hydrogen bonded complexes as key intermediates along the
oxidation reaction pathway is quite novel. This finding is in general agreement with
expectations based on previous studies of the rapid proton transfer reactions involving
acids of heteroatoms.'¢'®?%**%° The importance of hydrogen bonding for redox processes
occurring in non-aqueous solvents has been emphasized recently, especially with regard to
the electrochemistry of quinones.*’

These results also bear on the mechanism by which poly(aniline) facilitates the
charge and discharge of DMcT in composite cathodes formed from these materials."”
Specifically, the finding that proton accepting character can dramatically alter the rates and
potentials for thiol oxidations, just as proton donor character can affect the reduction of
disulfides to regenerate either thiols or thiolates, suggests that the action of poly(aniline) in
these composite cathode systems probably involves such proton transfer character. This
importance of proton transfer may have a detrimental impact on the use of poly(aniline) to
catalyze the redox processes for thiolate/disulfide redox couples in Li secondary batteries
due to the adverse affect of protons in such batteries.
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Figure captions
1. Experimental (upper) and simulated (lower) cyclic voltammograms for (a) 10 mM
BMT with initial scan in positive direction from 0.3 V, (b) 10 mM DMCcT with initial scan




negative from 0.0.V and (c) 10 mM McMT + 5 mM TEA with initial scan negative from —
03 V.

2. Experimental cyclic voltammograms for 10 mM BMT in solutions containing (a)
no TFA, (b) 2 mM TFA, (c) 5 mM TFA, (d) 10 mM TFA and (¢) 20 mM TFA. The molar
ratios of [TFA)/[BMT] are shown. The initial scan in (a) is positive from 0.0 V, and in all
others positive from 0.5 V.

3. Simulated cyclic voltammograms for 10 mM BMT in solutions containing (a) no
TFA, (b) 2 mM TFA, (c) 5 mM TFA, (d) 10 mM TFA and (¢) 20 mM TFA. All
conditions as in Figure 2, except that initial scan directions are all negative starting from
1.2V.

4. Experimental cyclic voltammograms for 10 mM McMT in solutions containing (a)
no Py, (b) 2 mM Py, (¢) 5 mM Py, (d) 10 mM Py and (¢) 20 mM Py. Initial scan
directions are all positive from —0.8 V. 1In (b), an additional scan with a positive limit of
0.6 V is shown that demonstrates the response from only the Py, proton-transfer-facilitated
process (see text).

5. 'H-NMR spectra in AN-d3 solution for 50 mM concentrations of (a) McMT alone,
(b) McMT plus Py ([Py)/[McMT]=2), (c) Py alone and (d) McMT plus MSA ([MSA] /
[McMT] =2).

6. Simulated cyclic voltammograms for 10 mM McMT in solutions containing (a) no
Py, (b) 2 mM Py, (c) 5 mM Py, (d) 10 mM Py and (¢) 20 mM Py. All conditions as in
Figure 4 except that initial scan directions are all positive from 0.8 V. In (b), an
additional scan with a positive limit of 0.6 V is shown that demonstrates the response from
only the Py, proton-transfer-facilitated process (see text).

7. Experimental cyclic voltammograms for 10 mM solutions of McMT containing (a)
5 mM 3-chloro-pyridne, (b) 5 mM lutidine and (c) 5 mM 2,6-di-tert-butyl-pyridine. Initial
scan directions are all positive from -0.8 V.

8. Simulated cyclic voltammograms for 10 mM solutions of McMT containing (a) 5
mM lutidine, (b) 5 mM Py and (c) 5 mM 3-chloro-pyridine. Initial scan directions are all
positive from —0.8 V. All other conditions as in Figure 7.
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